Abstract. CGA-N46 is a novel antifungal peptide derived from the N-terminus of human Chromogranin A, corresponding to the 31st to 76th amino acids. Further research on its activities and characteristics may be helpful for the application of CGA-N46 in medical or other situations. In the present study, the antifungal spectrum and physicochemical characteristics of CGA-N46 were investigated using an antifungal assay, its antiproliferative effects on cancer and normal cells were assessed using MTT assay and its combinatorial effect with other antibiotics was analyzed using checkerboard analysis. The results showed that CGA-N46 exhibited antifungal activity against the tested Candidas (C. glabrata, C. parapsilosis, C. krusei, C. tropicalis and C. albicans) at a concentration of <0.8 mM, but had no effect on the growth of filamentous fungi or other types of fungi (Cryptococcus neoformans, Aspergillus f umigatus, Aspergillus f lavus, Aspergillus niger, Fusarium moniliforme, Microsporum canis, Microsporum gypseum, Trichophyton rubrum and Trichophyton mentagrophytes), even at a concentration of 3.2 mM. CGA-N46 had an inhibitory effect on the proliferation of lung cancer A549 cells and a reversible effect on the growth of normal primary chicken embryo fibroblast cells, but no hemolytic activity on human erythrocytes at the minimum inhibitory concentration of CGA-N46 against yeasts. The antifungal activity of CGA-N46 was stable at a temperature <40˚C or within a broad pH range (pH 5.0-7.0). Its antifungal activity was enhanced when the peptide was used in combination with fluconazole and terbinafine. The present results indicate that CGA-N46 is a safe, physicochemically stable, antifungal peptide with anticancer cell activity that exhibits an additive effect with conventional antibiotics.
Introduction
Fungal infections have emerged worldwide due to an increasing number of immunocompromised patients, including patients with cancer, acquired immune deficiency syndrome, solid-organ and hematopoietic stem cell transplant recipients, premature neonates and patients recovering from major surgery. Nosocomial bloodstream fungal infection remains serious among hospitalized patients (1) (2) (3) . Invasive Candida are responsible for the highest mortality rates (1, 4, 5) . Candida albicans is the major fungus causing mucosal and invasive infections in humans (3, 6) ; however, an increasing number of infections caused by non-albicans Candida has also been reported (7) (8) (9) . Azole drugs are commonly used to treat infections caused by Candidas; however, a number of reports have indicated that Candidas are exhibiting reduced susceptibility to azole drugs (1, 3, 10) ; certain Candida species are even intrinsically resistant to them (3, 11) . A search for novel antifungal agents has therefore been undertaken for candidiasis.
Antimicrobial peptides (AMPs) are important components of innate immunity for humans and several other forms of life. The most significant characteristic of AMPs is their broad-spectrum antimicrobial activity against bacteria, viruses and fungi, including multi-drug-resistant microbes (12) (13) (14) . This antimicrobial activity is not associated with the rapid emergence of resistance (13, 15, 16) , which has become a serious problem for conventional antibiotics. Furthermore, unlike traditional antibiotics that inhibit specific biosynthetic pathways, AMPs are multi-target agents. Studies into AMPs may provide an insight into the innate immunity of invertebrates and produce templates for designing novel, broad-spectrum antibiotics that would function in humans (13) ; therefore, AMPs have emerged as the most promising group of candidates for the development of a new class of antibiotics (13, 15) .
AMPs are currently the focus of extensive research in order to assess their possible use as a new class of antibiotics. Possible problems in the stability, delivery and pathogen-targeting may arise in the use of AMPs as antimicrobial agents. To improve the application of such peptides, combinations with antibiotics or other compounds are generally used to increase the in vivo activity of AMPs (17) .
Chromogranin A (CGA) is a protein expressed in all types of neurons (18) . A series of studies on the antimicrobial function of the CGA-derived peptides has been conducted (19) (20) (21) (22) . Catestatin (derived from the C-terminus of bovine CGA) is expressed in murine skin in response to injury and infection, and it has a potent antimicrobial activity against bacteria, fungi and yeast. Similar activity has also been reported for vasostatin-I (CGA1-76; corresponding to CGA residues 1-76), which can trigger the selective migration of human monocytes and eosinophils. CGA1-76 and catestatin have been described to be innate immunity components of mammals (19, 21) . A study by Lugardon et al (19) showed that the C-terminal moiety of bovine CGA1-76 exhibited a potent antifungal activity and that the disulfide-bridge loop Cys 17 -Cys 38 was crucial for its antibacterial activity, but not for the antifungal activity. In order to investigate antifungal peptides derived from human CGA, we have studied several recombinant peptides derived from the N-terminus of human CGA: CGA18-76, CGA18-66 and CGA31-76 (corresponding to human CGA residues 18-76, 18-66 and 31-76, respectively). This ongoing research has shown that CGA-N46, a derived peptide containing amino acids 31-76 of the N-terminus of human CGA, has antagonistic activity against Candida albicans (23) .
AMPs have a broad spectrum of activity and can act as antibacterial, antifungal, antiviral and sometimes even as anticancer peptides. Extensive research has been performed in the field of antibacterial peptides, describing their identification, characterization and mechanism of action (13, 14, 24, 25) . In order to further our ongoing search for novel antimicrobial agents that could be used in drug therapy, recombinant CGA-N46 was expressed and purified in the present study, and the activities of CGA-N46 against selected fungi, cancer cells, human erythrocytes and normal fibroblast cells, as well as the stability of CGA-N46 and its effect in combination with conventional antibiotics, were investigated.
Materials and methods
Reagents. MTT, Triton X-100, dimethylsulfoxide (DMSO), f luconazole and terbinafine were purchased from Sigma-Aldrich (Shanghai, China). All of the solvents used were of high-performance liquid chromatography grade. The water used for all experiments was supplied by a Milli-Q ® water purification system from Millipore (Beijing, China). for between 48 h and 7 days, depending on the species. For yeasts, the inoculum suspension was prepared by selecting 5 colonies measuring ≥1 mm in diameter and suspending the material in 5 ml sterile 0.85% NaCl. The working suspension (1-5x10 3 CFU/ml) was established by a 1:10 dilution with SD broth (Oxoid Ltd.). For filamentous fungi, colonies were covered with ~1 ml sterile 0.85% saline, and the suspensions were established by gently probing the colonies with the tip of a Pasteur pipette. The resulting mixture of conidia or sporangiospores and hyphal fragments was withdrawn and transferred to a sterile tube. Heavy particles were allowed to settle for 3-5 min, and the upper homogeneous suspension was then collected and mixed. The density of the suspension was measured using a microscope. The suspension was adjusted to 0.8-10x10
4 CFU/ml by diluting with SD broth.
Cell line culture. A549 lung cancer cells (American Type Culture Collection, Manassas, VA, USA) were maintained at the Henan University of Technology (Zhengzhou, China) in RPMI-1640 medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Hyclone, Rockford, IL, USA), with 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere containing 5% CO 2 . The normal primary chicken embryo fibroblasts (CEFs) from specific pathogen-free chickens (Experimental Animal Center, Jenan University of Technology, Zhengzhou, China) were isolated using a standard protocol described elsewhere (26) . Fibroblasts were grown as a monolayer in Dulbecco's modified Eagle's medium (Gibco-BRL) containing 10% fetal bovine serum (Hyclone).
Antifungal assay. Minimum inhibitory concentrations (MICs)
of CGA-N46 against the fungi were measured according to a modified version of the broth microdilution method of the Clinical and Laboratory Standards Institute (CLSI) (27) . Briefly, CGA-N46 was serially diluted to concentrations of between 0.62 µM and 3.2 mM in 20 mM phosphate-buffered saline (PBS) (pH 6.0), and 100-µl samples were dispensed into the wells of a 96-well, U-shaped plate. Each sample was mixed with 100 µl 2X inoculum suspension (yeast, 1-5x10 3 CFU/ml; conidia or sporangiospores, 0.8-10x10
4 CFU/ml) of a log-phase fungal culture in SD broth. The cultures were incubated at 30˚C without agitation: C. glabrata, C. parapsilosis, C. krusei, C. tropicalis and C. albicans were incubated for 48 h; C. neoformans, A. fumigatus, A. flavus, A. niger and F. moniliforme were incubated for 72 h; M. canis, M. gypseum, T. rubrum and T. mentagrophytes were incubated for 96 h. The MIC was defined as the lowest peptide concentration that completely inhibited fungal growth. Cultures without CGA-N46 or SD broth were employed as positive and negative controls, respectively. Three replicates were set for each experiment.
Hemolysis assay. The hemolytic activity of CGA-N46 was determined by measuring the amount of hemoglobin released by the lysis of human erythrocytes using a modified version of the method described by Huang et al (28) . Briefly, CGA-N46 was serially diluted using PBS in 96-well plates to give 100 µl sample solution in each well. Human erythrocytes that had undergone anticoagulation using EDTAK2 (Sigma-Aldrich) were collected by centrifugation at 1,000 x g for 5 min at 4˚C, washed twice with PBS and then diluted to a concentration of 2% in PBS. The erythrocytes (100 µl of 2% solution) were added to each well to achieve a final concentration of 1% human erythrocytes per well, and the reactions were incubated at 37˚C for 30 min. Following incubation, the plates were centrifuged for 10 min and 100 µl supernatant was transferred to a new 96-well, U-shaped plate. Hemoglobin release was determined by measuring the absorbance of the supernatant at a wavelength of 570 nm. Peptide samples were diluted in a 2-fold series to determine the minimum concentration at which hemolysis occurred. Erythrocytes in PBS and 1% (v/v) Triton-X100 were used as the negative and positive controls, respectively. The hemolysis of erythrocytes was calculated using the following formula: Erythrocyte hemolysis = (A sample -A negative )/(A positive -A negative ) x 100%.
MTT assay. Cell viability was assessed using the MTT assay, based on the reduction of MTT into formazan dye by active mitochondria (24) . Briefly, 50 µl cell suspension (1x10 5 CFU/ml) was seeded in 96-well microtiter plates. Following the attachment of the cells, various concentrations of CGA-N46 (5 µl) were added to each well to give final concentrations of between 0.1 and 1.6 mM for incubation at 37˚C in 5% CO 2 for 24, 48 and 72 h. A total of 10 µl MTT solution (5 mg/ml MTT in PBS) was then added to each well and incubated for an additional 4 h. After rinsing, 100 µl DMSO was added to dissolve the MTT formazan crystals. The absorbance was read using an ELISA reader (BioTek Instruments, Inc., Winooski, VT, USA) at 490 nm. Cultures without CGA-N46 or SD broth were appointed as the control and blank groups, respectively. The relative cellular activity was calculated according to the following equation: Cell survival (% of control) = (A test -A blank )/(A control -A blank ) x 100. Each experiment was repeated in triplicate.
Physicochemical stability analysis. The physicochemical stability of CGA-N46 at different temperatures and pHs was assessed. CGA-N46 was dissolved in 20 mM PBS (pH 6.0) to form a solution (6.4 mM). The heat stability of CGA-N46 was assessed by incubating the CGA-N46 solution at different temperatures (40-100˚C) for 30 min and then comparing the MICs of the heat-treated CGA-N46 solutions with the MIC of the control. To determine the pH-stability of CGA-N46, the pH of the CGA-N46 solutions was adjusted to 1.0-12.0 with 0.1 M HCl or 1 M NaOH, and the solutions were maintained at room temperature. After 60 min, the pH was adjusted back to 6.0 in order to assess the antifungal activity against C. krusei. The MIC of CGA-N46 was analyzed by the broth microdilution method of the CLSI (27) . A freshly prepared CGA-N46 solution in 20 mM PBS (pH 6.0) was used as control.
Checkerboard analysis. The combination effect of CGA-N46 with conventional antibiotics was analyzed using the checkerboard method described by Su et al (29) , with slight modification. Briefly, an inoculum of logarithmic-phase C. krusei cells (1x10 3 CFU/ml) was cultured at 30˚C for 20 h in each well of a 96-well, U-shaped culture plate containing 100 µl SD broth with CGA-N46 (3.2 mM to 0.62 µM) or an antibiotic (10 µM to 0.1 nM) added, alone or in combination, at a specified concentration. The lowest concentration of each drug combination causing growth inhibition was plotted on an arithmetic scale and any synergy or additive effect was identi- Statistical analysis. Experiments were performed three times, and experimental data were analyzed using one-way analysis of variance followed by Least Significant Difference and Duncan's tests using PASW statistical software, version 18 (SPSS, Inc., Chicago, IL, USA). The results are presented as the mean ± standard error of the mean. P<0.01 was considered to indicate a statistically significant difference.
Results
Antifungal activity. The antifungal activity spectrum of CGA-N46 was indicated using the MICs of CGA-N46 against the tested fungi and yeasts. As shown in Table I , CGA-N46 was active against yeasts (MICs of 0.1-0.8 mM), but had no effect on the growth of filamentous fungi, even with peptide concentrations up to 3.2 mM. The highest activity was found against C. krusei, with an MIC of 0.1 mM.
Hemolytic activity of CGA-N46. The hemolytic activity of CGA-N46 against the highly sensitive human erythrocytes was determined as a measure of its toxicity to mammalian cells. The release of hemoglobin was monitored by measuring the absorbance at 570 nm. As negative and positive controls, erythrocytes in PBS without CGA-N46 and 0.1% (v/v) Triton X-100 in PBS were employed, respectively. CGA-N46 only showed weak hemolytic activity at the concentration of 1.6 mM (Fig. 1) . Effect of CGA-N46 on the growth of primary CEF cells. The antiproliferative activity of CGA-N46 against normal cells was assessed by investigating the effect on normal primary CEF cells using the MTT colorimetric assay. As shown in Fig. 2 , CGA-N46 promoted the growth of the cells up to 24 h of incubation, and the promoting effect decreased as the concentration increased >0.2 mM. When the incubation time was extended to 48 h and beyond, CGA-N46 showed an inhibitory activity on cell growth, and the inhibitory activity decreased with the increasing concentration. Compared with the control, the effect of CGA-N46 on normal primary CEF cells was reversible at concentrations <1.6 mM, and the growth promotion and inhibition were not observed at the concentration of 1.6 mM.
Effect of CGA-N46 on cancer cell proliferation. The antiproliferative activity of CGA-N46 against cancer cells was investigated using an A549 human lung cancer cell line. A549 cells were treated with different concentrations of CGA-N46 (0.62 µM to 3.2 mM) for 72 h, and 20 mM PBS (pH 6.0) was used as a negative control. MTT was used to assess the effect of CGA-N46 on A549 cell viability. As seen in Fig. 3 , the number of metabolically active cells decreased significantly as the concentration of CGA-N46 increased. The proliferation of A549 cells was inhibited by CGA-N46 in a dose-dependent manner.
Physicochemical properties. To determine the effect of the physicochemical factors heat and pH on the antifungal activity of CGA-N46, the MIC values of CGA-N46 against C. krusei were examined and compared following the treatment of the CGA-N46 with different temperatures and pHs. As shown in Fig. 4 , the MICs remained at 0.1 mM at a temperature <40˚C or within a broad pH range (5.0-7.0).
Combination effect of CGA-N46 and antibiotics.
The combination effects of CGA-N46 with terbinafine and fluconazole against C. krusei are shown in Fig. 5 . The MICs of terbinafine, fluconazole and CGA-N46 alone were 6 µM, 26 µM and 0.1 mM, respectively. When terbinafine was combined with CGA-N46, the MICs were 1 µM and 0.05 mM, respectively. When fluconazole and CGA-N46 were used in combination, the MICs were 13 µM and 0.0458 mM, respectively. The antifungal activities of the conventional antibiotics and CGA-N46 were increased when the agents were applied in combination. The FIC indices of CGA-N46 in combination with terbinafine and fluconazole, respectively, were 0.671 and 0.959, showing that the antifungal activities of the combinations against C. krusei were additive (FIC index 0.5-1.0).
Discussion
The majority of AMPs are alkaline cationic peptides (25, 31) . It has been postulated that their mechanism of action against microbes involves compromising the membrane of the target organism (14, 31) . It is generally accepted that the positive charge allows the electrostatic attraction of AMPs with the phospholipid membranes of microbes; therefore, environmental pH has an effect on the charges of the alkaline cationic peptides. The acidic metabolites produced by fungi in the local microenvironment of the human body may neutralize the alkaline cationic peptides, and thus impede the electrostatic attraction of the AMPs with fungal outer phospholipid membranes (32) . CGA-N46 has almost zero charge at physiological pH due to its calculated pI of 7.38; therefore, it has a broad spectrum of pH stability. CGA-N46 may be a good model for researching the mechanisms of non-cationic AMPs.
CGA-N46 exerted an antiproliferative effect on Candida spp. and A549 cancer cells in a concentration-and time-dependent manner. It had no hemolytic activity at the MIC of CGA-N46 against yeasts. Furthermore, the results showed that CGA-N46 had no significant effect on normal primary CEF cells at a concentration of 1.6 mM and a reversible effect at concentrations <1.6 mM. This observation was consistent with that for Magainin II (33) . CGA-N46 therefore represents a member of a novel, non-cationic, α-helical peptide family with antimicrobial and anticancer activities but without toxicity to erythrocytes, indicating the possibility for use in treatment for infection and cancer.
AMPs have different mechanisms of action from conventional antibiotics (14, 15) . Previous studies have indicated that the limitations of AMPs, which are long amino acid sequences, are poor bioavailability and susceptibility to protease degradation and pathogen targeting (14, 17) . To overcome these limitations, combination with conventional antibiotics or other compounds is generally used. Combined with minocycline or azole antifungal agents, lactoferricin has synergistic effects against an antibiotic-resistant strain of Staphylococcus aureus (34) . The bactericidal effect was enhanced when human β-defensin was used in combination with the antimicrobial agents (17) . Fluconazole and terbinafine are two antibiotics to which Candidas are prone to be resistant (35) . In the present study, CGA-N46 was combined with these two drugs. In the checkerboard assay, the combination of CGA-N46 with each of the drugs exhibited enhanced antifungal activity. The combinations of CGA-N46 with terbinafine and fluconazole demonstrated additive effects against C. krusei. The results of this study may prove in the clinical application of AMPs in combination with other compounds.
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